A novel heterogeneous transition-metal catalyst, a polymer-supported terpyridine-palladium(II) complex, was prepared and found to promote the Mizoroki-Heck reaction in water between aryl halides and styrenes under aerobic conditions with high to excellent yield. The catalyst was recovered and reused several times without loss of catalytic activity.
A novel heterogeneous transition-metal catalyst, a polymer-supported terpyridine-palladium(II) complex, was prepared and found to promote the Mizoroki-Heck reaction in water between aryl halides and styrenes under aerobic conditions with high to excellent yield. The catalyst was recovered and reused several times without loss of catalytic activity. reactions that form carbon-carbon bonds, such as Mizoroki-Heck, are of considerable importance in organic chemistry [1] . The Mizoroki-Heck reaction is generally catalyzed with soluble palladium complexes in organic solvent [2] . However, there has been a continuing challenge with such catalyst systems regarding their efficient separation and recycling, which are important considerations for economical and ecological reasons. Heterogeneous palladium-catalyst systems have been found to be highly effective for overcoming some of these problems [3] . Heterogeneous catalysts generally consist of an organic or inorganic solid support, a linkage moiety, and a catalytic center prepared from a transition metal and a phosphine-based ligand. Therefore, catalysis reactions are carried out under nitrogen to avoid oxidizing the phosphine ligands [4] [5] . We recently developed an amphiphilic polystyrene-poly(ethylene glycol) (PS-PEG) resin-supported terpyridine-metal complex and found it to be an effective catalyst for coupling reactions in aqueous solution of a weak inorganic base (e.g. K 2 CO 3 in H 2 O: pK b ≅4.0) or neutral conditions under heterogeneous and aerobic conditions with high recyclability [6] . Our continuing interest in the catalytic utility of PS-PEG resin-supported palladium complex led us to investigate the Mizoroki-Heck reaction in water with the new PS-PEG-terpyridine palladium(II) complex, which is formed the terpyridine-Pd(II) complex and PS-PEG resin through ionic bonds. We report herein the results of this investigation, and demonstrate that the complex effectively catalyzes the Mizoroki-Heck reaction of various aryl halides with styrenes in aqueous solution of a strong organic base (e.g. 1,8-diazabicyclo[5.4 .0]undec-7-ene (DBU) in H 2 O: pK b ≅2.0) with high recyclability (Scheme 1). as an internal standard (d 77 .0 ppm and 39.7 ppm). Mass spectra were measured on a JEOL JMS-T100GCv MS detector (GC-MS) and a JEOL JMS-T100LP MS detector (LC-MS); the base peak is denoted "bp." GC and IR analysis were performed on a Shimadzu GC-2014 and a Jasco FTIR-410 detector, respectively. ICP-AES spectra were measured on a Shimadzu ICPE-9000.
Materials PS-PEG-supported
terpyridine-palladium complex (PS-PEG-terpyridine-Pd) 1 was prepared from PS-PEG amino-resin (Tenta Gel S  NH 2 ,  average  diameter  90 mm, 1% divinylbenzene cross-linked, loading value of amino residue 0.31 mmol/g; purchased from Rapp Polymer), polymeric terpyridine ligand, and (C 6 H 5 CN) 2 PdCl 2 according to the reported procedures [6] .
The loading level of Pd in polymeric catalyst 1 was 0.25 mmol/g.
Mizoroki-Heck Reaction
The general procedure to obtain Mizoroki-Heck reaction products 4a-h is as described here for 4a. Styrene (3a; 83 mg, 0.8 mmol) was added to a mixture of polymeric catalyst (1; 80 mg, 0.020 mmol), base DBU (121 mg, 0.8 mmol), and iodobenzene (2a; 81 mg, 0.4 mmol) in H 2 O (3.0 mL). The reaction mixture was shaken at 100 °C for 12 h and then filtered. The recovered resin beads were rinsed with H 2 O and extracted three times with EtOAc (6 mL). The EtOAc layer was separated and the aqueous layer was extracted with EtOAc (3 mL). The combined EtOAc extracts were washed with brine (2 mL), dried over MgSO 4 , and concentrated in vacuo. The resulting residue was chromatographed on silica gel (hexane) to give 64.8 mg (90% yield) of (E)-1,2-diphenylethene (4a). 
RESULTS AND DISCUSSION
The amphiphilic PS-PEG resin-bound terpyridine-palladium complex 1 was readily prepared from p-hydroxybenzaldehyde, propane sultone, 2-acetylpyridine, PS-PEG-NH 2 resin, and (C 6 H 5 CN) 2 PdCl 2 according to the reported procedures [6] [7] . Polymeric catalyst 1 exhibited high catalytic activity for the Mizoroki-Heck reaction. Coupling of iodobenzene (2a) and styrene (3a) was carried out in water with catalyst 1 (5 mol% Pd) in the presence of 2 equiv of base at 100 °C for 12 h. The reaction mixture was filtered and the recovered resin beads were rinsed with a small portion of water and extracted with EtOAc to give (E)-1,2-diphenylethene (4a). The scope of suitable bases for the Mizoroki-Heck reaction in water using catalyst 1 was examined ( Table 1 ). The reaction efficiency varied greatly according to the base used. The bases lithium carbonate, sodium carbonate, potassium carbonate, and cesium carbonate gave 4a in 48%, 63%, 61%, and 47% yield, respectively (runs [1] [2] [3] [4] . The bases sodium hydroxide, potassium hydroxide, and cesium hydroxide gave 4a in 44%, 33%, and 41% yield, respectively (runs 5-7). Organic amines were found to promote the Mizoroki-Heck reaction smoothly in water; accordingly, the base triethylamine gave 4a in 52% yield under similar reaction conditions (run 8). The most effective base proved to be 1,8-diazabicyclo[5.4 .0]undec-7-ene (DBU), which gave 4a in an impressive 90% yield (run 9). The scope of suitable aryl halides and styrenes for the Mizoroki-Heck reaction in water using catalyst 1 was also examined ( Table 2 ). The general process was to carry out the reaction of an aryl halide and a styrene with DBU (2 equiv.) in the presence of catalyst 1 (5 mol% Pd) in water to afford the corresponding products. The results for various aryl halides and styrenes are as follows. For aryl halides 2a-g in reaction with styrene 3a, iodobenzene (2a) gave 1,2-diphenylethene (4a) in 90% yield (run 1); iodobenzene derivatives 2b-d bearing electron donating and withdrawing substituents at their para-positions gave 1-methyl-4-styrylbenzene (4b),
1-methoxy-4-styrylbenzene (4c), and 1-trifluoromethyl-4-styrylbenzene (4d) in 78%, 88%, and 76% yield, respectively (runs 2-4). Subsequently, the meta-and ortho-substituted iodobenzene 2e-g having meta-methyl and ortho-methyl groups gave 1-methyl-2-styrylbenzene (4e), 1-methyl-3-styrylbenzene (4f), and 1-styrylnaphthalene (4g) in 60%, 90%, and 99% yield, respectively (runs 5-7). Bromoarenes 2h-k in reaction with 3a, carried out at longer reaction times (24 h), gave the corresponding stilbene derivatives 4a-d in 80%, 57%, 75%, and 87% yield, respectively (runs 9-12). Styrenes 3b and 3c under similar conditions gave 4b and 4h in 80% and 77% yield, respectively (runs 13 and 14). The recyclability of catalyst 1 was examined for the Mizoroki-Heck reaction of aryl halide 2a with styrene 3a (Scheme 2). After the first reaction, which gave 1-phenylnaphthalene (4g) in 99% yield, the catalyst was recovered by simple filtration, washed with H 2 O, dried under vacuum, and reused two times under similar reaction conditions to give 4g in 97% and 99% yield. Importantly, ICP-AES analysis of the aqueous phase revealed slightly detectable levels of palladium residue [8] . 
SUMMARY
We developed a novel polymer-supported terpyridine-palladium complex that efficiently catalyzes the Mizoroki-Heck reaction of aryl halides with styrenes in water under aerobic conditions to give the corresponding stilbenes in high to excellent yield. The catalyst can be recovered and reused several times without any loss of catalytic activity. We are continuing to investigate the scope of the Mizoroki-Heck reaction and possible applications of the catalyst to other organic transformations.
